The surface density of diadic junctional complexes (DJC) between plasmalemma and terminal cisternal membrane, as well as the areas of plasmalemmal and cistemal membrane involved in DJC, have been determined morphometrically in external plasmalemmal envelope and T-system of rabbit, rat, and mouse ventricular heart muscle. In all three species, both the surface density and the plasmalemmal area of DJC are 4-to 6-fold greater in the T-system than in the external plasmalemmal envelope. The surface density and DJC membrane area per unit cell volume and per unit myofibrillar volume increase in the order rabbit < rat -mouse and are not related simply to basal heart rate or intraventricular pressure. The results show that if Ca 1+ release is a function of terminal cisterns, then, in ventricular heart muscle, most of the Ca 1+ thus released for myofibrillar activation must originate from cisterns associated with the T-system. They make it necessary to consider the possibility that the 20-50% of plasmalemma in the T-system that is involved in excitation-contraction coupling may be unavailable for other processes; and they show that interspecies differences in surface density and membrane area of DJC/unit cellular and myofibrillar volume correlate with differences in Ca l+activated Ca 1+ release in skinned fibers and with differences in rate of tension development described for intact rat and rabbit ventricular muscle. Ore Res
RELEASE of calcium ion from the terminal cisterns (TC) of the sarcoplasmic reticulum (SR) is very probably a necessary step in the sequence of excitation-contraction coupling in heart and skeletal muscle Fabiato, 1977,1978; Ebashi, 1976; Endo, 1977) . In a recent review of Ca 2+ release from SR, Fabiato and Fabiato (1977) concluded that this step is initiated by processes that differ between mammalian cardiac muscle and predominantly fast skeletal muscle, the most important process in heart muscle being Ca 2+ -induced Ca 2+ release. In addition, their studies on "skinned" heart muscle cells were interpreted by these authors as showing pronounced differences between the Ca 2+ release processes in rat and rabbit ventricular myocardial cells. They correlated these differences in Ca 2+ release with differences between the contractile behavior of rat and other heart muscles.
In this study we have examined how diadic junctional couplings are distributed with respect to the external plasmalemmal envelope and T-system in ventricular heart muscle of the rat, rabbit, and mouse. In mammalian ventricular heart muscle, diadic couplings are found both beneath the external plasmalemmal envelope and beneath the plasma membrane of the T-system (Page, 1967 (Page, , 1968 . If Ca 2+ is released from the TC by extracellular Ca 2+ , which enters the cell during the action potential Fabiato, 1977, 1978) , it becomes of interest to determine the fraction of TC associated with external plasmalemmal envelope and to compare this fraction with the fraction of TC associated with the T-system. By comparing data from three species whose heart rates differ significantly, it is possible further to examine whether frequency of contraction is correlated with the distribution and surface density of diadic junctional couplings. A similar comparison for myocardial cells from the right and left ventricles of the same heart in a single species permits inferences about the correlation of afterload with these structural variables.
The results of these measurements indicate that in ventricular myocardial cells of all three species the surface density of diadic junctional couplings between plasmalemma and T-system is 4 to 6 times higher in the T-system than at the external plasmalemmal envelope. The measurements further raise the possibility that as much as half of the plasmalemma of the T-system may be unavailable for transport and electrical processes other than Ca 2+ release. Quantitative differences between rat and rabbit ventricles with respect to surface density of diadic couplings, demonstrated by these measurements, correlate with known differences with respect to Ca 2+ -induced Ca 2+ release and rate of tension development.
A brief account of this work has been published in abstract form (Page and Surdyk, 1978) .
Methods
The measurements were made on the hearts of four female Sprague-Dawley rats weighing 200-260 g, eight female New Zealand White rabbits weighing 4.5-5.4 kg, and four CF-1 adult female mice weighing 2.2-3.0 g. Rats and mice were injected with heparin intraperitoneally as previously described (Stewart and Page, 1978) . Rabbits were injected subcutaneously with 400 U.S.P. units of heparin per kg. All animals were anesthetized by stunning. The hearts were excised and perfused through the coronary vessels on the Langendorff cannula with OsO 4 -containing fixative as previously described (Meddoff and Page, 1968) . The composition of the fixative was (in mmol/liter): osmium tetroxide, 32.7; NaCl, 91.0; KC1, 5.93; CaCl 2 -2H 2 O, 1.40; MgCl 2 -6H 2 O, 0.56; and Na cacodylate-HCl, 50.0. The fixative was adjusted to a final pH of 7.35. After the perfusion fixation, the tissues were rinsed, stained en bloc with uranyl acetate, dehydrated, and embedded in Epon. Longitudinal sections of Eponembedded material were prepared as described by Stewart and Page (1978) , stained with uranyl acetate and lead citrate, and photographed in a Siemens Elmiskop 1A.
Morphometric Analysis
Prints of longitudinal sections at final magnifications of 5.0-7.0 X 10 3 X, 11.2-13.0 X lO'x, and 21.0-26.0 X 10 3 X were subjected to point and intersection counting with transparent sheets imprinted with square grids 0.1 cm, 0.319 cm, or 1.0 cm per side. In a control experiment by one of us (E.P.) on rat left ventricular free walls, 60 prints were obtained at each stage of magnification from three tissue blocks, 10-20 sections being taken per block for determinations at each stage of magnification. It became clear that the mean morphometric results thus obtained did not differ if the sample was reduced at each magnification to 12-20 prints obtained from two blocks; this procedure accordingly was adopted for most subsequent work. In the ventricular free walls of rats, rabbits, and mice, tissue samples were obtained from the subepicardial myocardium; sampling of the apex and the interventricular septum was avoided. In previous morphometric studies (Stewart and Page, 1978; Page et al., 1974; Page, 1976, 1977) , we have found that restriction of sampling to subepicardial myocardial cells greatly reduces the dispersion of the results, presumably because it selects a sample that is relatively homogeneous with respect to ultrastructural composition.
For the purpose of point and intersection counting with the finest (0.1-cm) grid, prints at magnifi-cations of 21.0-26.0 X lO^X were first transilluminated by taping them to an x-ray viewing box and were then overlaid with tracing paper. The outlines of terminal cisternal membranes, located subjacent to the plasmalemma and forming a diadic junction with it, were traced with a sharp black pencil. Next, the outlines (traces) of the external plasmalemmal envelope and of the plasmalemma of the T-system were traced with a sharp red pencil. To define orientation with respect to the long axis of the cells, a straight orientation line was drawn on the tracing paper parallel to this axis, and the print of the electron micrograph was removed. The tracing paper then was overlaid with the fine square grid (0.1 cm/side), one axis of the grid being oriented parallel to the orientation line. All intersections of the grid with traces of plasmalemma then were counted, first for the external plasmalemmal envelope and then for the T-system. Intersection counts with grid lines oriented parallel and perpendicular to the orientation axis were recorded separately. Two subsets of these intersection counts, the plasma membrane areas of external sarcolemma and T-system involved in diadic junctions (identifiable as "black on red" on the tracing paper), were also obtained. The plasmalemmal membrane area of external sarcolemmal envelope per unit cell volume (SES/V«U) was calculated according to the equations for the band model of Stewart and Page (1978) :
Pcell in which g = (G c /M)/G p /M) 2 , a scaling factor; M = final magnification of the print; G c = spacing of grid used to measure intersections; G p = spacing of grid used for point counting; SES = surface area of plasma membrane in external sarcolemmal envelope; Vceu = cell volume; P^u = total points falling on the myocardial cells in the print; and C' and C" 1 " denote intersection counts measured with grid lines, which are, respectively, parallel (') or perpendicular (""") to the long axis of the cell, and of myofibrils on the micrograph. The area of external sarcolemmal membrane involved in diadic junctional couplings (referred to unit cell volume), SESD/VC^I is a fraction of SES/V«U given by g from which the fraction of external sarcolemmal area involved in diadic junctions, SESD/SES, is SESD (W/2)(CESD + CESD) ~ CESD
(3)
According to the derivation of Stewart and Page (1978) , the plasmalemmal area per unit cell volume in the T-system, as obtained on longitudinal sec- VOL. 45, No. 2, AUGUST 1979 tions, Sir/Veen, is
in which the subscript TT denotes the T-tubules, and the T-tubular plasmalemmal area per unit cell volume involved in diadic junctions is
in which the subscript TTD denotes T-tubular plasma membrane involved in diadic junctions with terminal cisterns. The fraction of T-tubular plasmalemmal area involved in diadic junctions, STTD/ STT, can be calculated by dividing Equation 5 by Equation 4. This method proved to be extremely laborious and gave results that did not differ significantly from those obtained with the approximation, STTD/STT = fc (Oro/Orr + CTTD/CTT), (6) and this is the way STTD/STT was calculated. SES/ V M II was determined on prints with a final magnification of 5.0-7.0 X 10 3 X with G c = G p = 1.0 cm. S-rT/Vceii was determined with the same grid but at M = 11.0-13.0 X l(?x. C&SD, CTTD, CfcsD, and CVTD were determined with G c = 0.1 cm and G p = 1.0 cm at M = 21.0-26.0 X K^x. We have also checked the results calculated from Equation 6 against measurements of the length of the T-tubular plasmalemmal trace and of the portion of the T-tubular trace involved in diadic junctions made directly on the photographic prints with a high resolution digitizing probe interfaced to a programmed calculator (Ladd Graphic Data Analyzing System, Ladd Research Industries, Inc.). This technique avoids both the approximations in Equation 6 and the intermediate step of tracing the data onto tracing paper but has the disadvantage of damaging the prints. The results obtained with this technique also were not significantly different from those calculated from intersection counts by equation 6.
The fraction of cell volume made up of myofibrils, Vmf/Vceii, was estimated in the same prints used to measure SES/V«U, according to the equation (Page et al., 1971) :
where Pnj = the total number of points falling on myofibrils. The areas of plasma membrane per unit myofibrillar volume involved in diadic junctions at the external sarcolemmal envelope (SEso/Vm/) and in the T-tubules (S-rTD/Vmf) were calculated by dividing SESD/VCSU and STTD/VCU by V^/Vcu. It is self-evident that Equations 2 and 5, which give the areas of plasma membrane involved in diadic junctions (referred to unit cell volume), also give the areas of junctional terminal cisternal membrane per unit cell volume. Similarly, the plasma membrane areas referred to unit myofibrillar volume also give the areas of junctional terminal cisternal membrane. Moreover, the total area of plasma membrane involved in diadic junctions with terminal cisterns of the SR, as well as the total area of junctional terminal cisternal membrane, may be derived by adding SESD/V^U and STTD/V«U or SESD/ Vmf and S-rTD/Vmf. The resulting quantities, (SESD + S T TD)/V C<S U and (SESD + STTD)/^™!, are useful indices for comparisons of different muscles. Table 1 gives the mean fractions of plasmalemmal area in the external sarcolemmal envelope (SESD/SES) and T-system (STTD/STT) involved in diadic junctional contacts with terminal cisterns of subjacent SR. Data are given for subepicardial cells from left ventricular free walls of rabbits, rats, and mice, whose mean heart rates per minute may be expected [from tabulated values (Altman and Dittmer, 1971) ] to be about 250, 350, and 500, respectively. It is apparent from the table that the fraction of plasmalemmal area involved in diadic junctions is 4-6 times greater for the T-system than for the external sarcolemmal envelope. Although the absolute values of the fractions differ for the rabbit, rat, and mouse, the difference between T-system and external sarcolemma is highly significant for each species and in the same direction for all three species. Moreover, the sequences of SESD/SES and STTD/STT for the three species increase in the same direction, rabbit < rat = mouse. The rat and mouse, whose mean heart rates in vivo both are higher than that of the rabbit, are seen to have a larger surface density of plasma membrane involved in diadic couplings with SR. However, the further increase in the heart rate of the mouse over that of the rat is not accompanied by a further increase in surface density of diadic couplings. The surface densities for rat and mouse do not differ significantly (P > 0.05). Table 1 also gives values of the two ratios for the rabbit right ventricular free wall and right ventricular papillary muscles. For the T-system, both of these values are similar to those for left ventricular free wall. For the external plasmalemmal envelope, the ratio for the right ventricular free wall is identical statistically to that for the left ventricular free wall, whereas the ratio for right ventricular papillary muscle is significantly smaller than that for left ventricular free wall (P < 0.05).
Results
To obtain the plasma membrane areas involved in diadic junctional contacts (SESD/V« U and STTD/ V«u), it is necessary to multiply the fractional membrane areas (Table 1) by the ratios SES/V^U and STT/V«U, respectively. Table 2 presents such absolute values, as well as the more useful quantities (SESD + STTDJ/VCU and (SESD + S T T D )^^, derived from them. The table permits comparison of myocardial cells from the left ventricular free walls of rabbits, rats, and mice. It is apparent that the total plasma membrane area involved in diadic junctions (SESD + STTD) increases in the order rabbit < rat = mouse, whether the areas are referred to cell volume [(SESD + STTD)/Vceu] or to myofibrillar volume [(SESD + S-rroVVrnf]. The interspecies differences in both ratios were examined by a two-tailed t-test for the difference between means. It may be concluded that in the three species examined the area of plasma membrane specialized for diadic contact with terminal cisterns of the SR varied in the same directions as the surface densities in Table  1 . These estimates do not include the contribution of caveolae to plasmalemmal surface area. This contribution recently has been estimated for rabbit right ventricular papillary muscle (Levin and Page, 1977; Levin, 1978) . If the caveolar contribution were included in the total plasmalemmal area for rabbit papillary muscle, the fractions of total area occupied by diadic junctions with terminal cisterns of SR given in Table 1 would fall from 0.033 to -0.029 for external plasmalemmal envelope and from 0.21 to -0.18 for T-system. Since caveolae do not occur on plasmalemma involved in diadic junctions with SR, this correction would not alter those membrane areas (Tables 2 and 3) which are of most importance to the arguments in this paper [SESD/VC«U, STTD/ Vceii, (SESD + STTD)/V M U, and (SESD Diadic junctional complexes also are present along the transverse cell boundaries ("intercalated disks"), except at the nexuses. Preliminary measurements indicated that junctions and terminal cisterns in this location constitute a negligibly small fraction of cellular diadic junctions and terminal cisterns. Table 3 compares the membrane areas involved in diadic junctions for three different parts of the rabbit's heart. These measurements were made to compare the effects of afterload on the area of diadic junctional specialization. In the same heart, both right and left ventricular free walls beat at the same rate. However, the right ventricle ejects blood against the low pressure in the pulmonary artery, whereas the left ventricle must overcome the high pressure in the systemic circuit to eject blood into the aorta. If the areas of plasma membrane and of terminal cistern mutually involved in diadic junctions are correlated positively with work done against pressure, these areas ought to be larger in the left ventricular free wall than in the right ventricular free wall. An unpaired t-test comparing the right and left ventricular mean values for (SESD + STTDVVCU and (SESD + SrTDj/Vmf shows that these means, which are averaged over all hearts, do not differ significantly (Table 3) . Paired £-tests also were done for a subset of five ventricles in which both right ventricular and left ventricular myocardial cells were measured in the same heart. The 0.31 ± 0.03 0.174 ± 0.009 0.020 ± 0.002 0.070 ± 0.006 0.090 ± 0.007 0.19 ± 0.02 500 * Experimentally determined values of V^/ V^ used in these calculations were: for rabbit, 0.495 ± 0.009; for rat, 0.467 ± 0.007 (Page et al., 1974) ; for mouse, 0.47 ± 0.01. Significance of interspecies differences between means as determined by a two-tailed f-test are (1) ' Experimentally determined values of V^/ V^ used in calculations were' for left ventricular (LV) free wall, 0.495 ± 0.009; for right ventricular (RV) free wall, 0 45 ± 0 01; and for RV papillary muscle, 0.462 ± 0.007. Significance of differences between means as determined by two-tailed /-test are (1) for (SKM> + Smi)/V^i: LV free wall vs RV free wall, 2P > 0 40, LV free wall vs. RV papillary muscle, IP < 0.02; RV free wall vs. RV papillary muscle, 2P > 0 10; (2) for (SKHM + Srn))/V^-LV free wall vs. RV free wall, IP > 0.40; LV free wall vs. RV papillary muscle, IP < 0.02; RV free wall vs. RV papillary muscle, 2P > 0.10.
t From Stewart and Page (1978) .
differences (obtained with a two-tailed test) also were not significant [2P > 0.10 and 2P > 0.80 for (SESD + STTD) referred to cell volume and myofibrillar volume, respectively]. This negative result must be accepted with caution because there was some scatter in the data. Nevertheless, if a significant systematic difference in these membrane areas exists between left and right ventricular free walls, it must be very small. Table 3 also gives values for membrane areas of rabbit right ventricular papillary muscles. The mean values of (SESD + STTD)/V ceU and (SESD + SrTD)/Vmr for this tissue were significantly lower than those for either right or left ventricular free walls ( Table 3) . Inspection of Tables 1 and 3 indicates that this difference stems from two factors: First, papillary muscles had a significantly lower surface density of diadic junctional complexes in the external sarcolemma; and second, SEs/Vceii, and therefore SESD/V C(; U, were lower for papillary muscles.
Discussion

Limitations of the Method
Morphometric analysis of membranes in heart muscle is subject to systematic errors (Page, 1978) . Since the types of ventricular heart muscle colls examined in this paper all are geometrically similar, it may be assumed that systematic errors affect all of these types to approximately the same degree. Therefore, relative magnitudes, which form the bases for comparison between species or between different parts of the heart of the same species, may be expected to be insensitive to these systematic errors. Absolute magnitudes (as distinct from relative magnitudes) are, however, subject to errors arising from the fact that the thickness of the terminal cisternae is of the same order of magnitude as, or smaller than, the thickness of the section (Weibel and Paumgartner, 1978) . Moreover, since the geometrical dispositions of T-tubules and external plasmalemmal envelope differ, the systematic errors may affect estimates of diadic junctional area at T-tubular plasmalemma and external plasmalemma to a different extent. The errors are chiefly of two kinds: a projection artifact that leads to overestimation of surface density; and a failure to count profiles of membranes grazed by tangential sections, an artifact that will lead to an underestimation of surface area. The appropriate parameters for correcting for errors due to section thickness so far are available only for hepatocytes (Weibel and Paumgartner, 1978) . For the smooth and rough endoplasmic reticulum of that tissue, the projection artifact leads to overestimations of membrane area by 1.4-30%.
Functional Implications
As the observed differences in surface density of diads and cellular content of diadic membrane are large, qualitative conclusions about the functional implications of the results are not affected greatly by the systematic error, whose magnitude probably does not exceed 30%. Our observations indicate that in mammalian ventricular muscle the surface density of diadic junctional specializations is surprisingly large: from about one-fifth of total T-tubular plasmalemmal area in the rabbit to about half of this area in the rat.
In ventricular muscle of animals that are mature enough to have a well-developed T-system, the localization of most of this plasmalemmal specialization in the T-system suggests that most of the Ca 2+ released from the SR during excitation-contraction coupling must originate from terminal cisterns associated with the T-system. This conclusion could not be reached without a comparison of junctional surface densities in the T-system and external plasmalemmal envelope, because the plasmalemmal area of the external plasmalemmal envelope, SES/VCCU, exceeds that in the T-system (S-rr/Vceu) (see Table 2 ). The conclusion is important in understanding what is being studied in the mechanically skinned cardiac muscle cell preparations of Fabiato and Fabiato (1973 , 1975a , 1975b . Comparison of SESD/V«U and STTD/V^U with (SESD + STTD)/ Veen for each of the species in Table 2 shows that removal of the external sarcolemmal envelope would remove 22-25% of the diadic junctional complexes in the myocardial cell. Thus, under ideal conditions, the procedure of Fabiato and Fabiato would retain 75-78% of the terminal cisterns; that is, 75-78% of the presumptive Ca 2+ storage depots, and hence 75-78% of the Ca 2+ potentially available for myofilament activation.
The volume of the terminal cisterns is difficult to measure by morphometric methods because this structure is small relative to the thickness of section. From the following considerations, however, it readily is apparent that the volume of terminal cisterns should be roughly proportional to the area of cisternal membrane involved in diadic junction with plasmalemma. The terminal cisterns are long relative to their luminal width, which is extremely small and very nearly constant. Beneath the external plasmalemma, the structure might be approximated by a long, rectangular prism having a very small width. (The trace of the long dimension is what is measured with the intersection count.) The area involved in diadic contact with plasmalemma is given approximately by the product of the length and height of the prism, the volume being given by multiplying this area by the width (a small term which is very nearly constant). Terminal cisterns making diadic junctions with plasmalemma in the T-system can be conceived of similarly, by imagining the long axis of the rectangular prism to be bent so as to form a cuff apposed to the sarcoplasmic face of the T-tubular plasmalemma.
A second physiological consequence of the differences in surface densities of diadic junctional complexes between external plasmalemmal envelope and T-system merits comment. Although there is little experimental evidence bearing on this point, we may assume for the purpose of discussion that plasma membrane engaged in junctional complexes with terminal cisterns of SR is not available for membrane functions that are not related directly to Ca 2+ release from terminal cisterns. If this speculation is valid, then only about half of the plasma membrane in the T-system of rat ventricular myocardial cells is available for transport and electrical processes other than Ca 2+ release, whereas more than 90% of the external plasmalemmal envelope is available for such processes. Although less extreme, qualitatively similar arguments can be made for the mouse and rabbit. These considerations suggest that the topographical distribution of transport and other plasmalemmal membrane processes in mammalian ventricular muscle may differ significantly for external plasmalemma and T-system.
The very low surface density of diadic junctional specializations at the external plasmalemmal envelope poses questions about their function. Is their physiological role identical with that of the junctions along the plasmalemma of the T-system? Assume that at both locations diadic junctions act as storage depots for Ca 2+ and that the Ca 2+ is released by a similar mechanism in response to the passage of an action potential. In mammalian ventricular muscle, diadic couplings are present all along the T-tubules from their mouths at the cell surface to their deepest penetration into the interior of the cell. It is arguable that the release of Ca 2+ from cisterns at all levels of a T-tubule should suffice to saturate with Ca 2+ the troponin C of the half-sarcomeres within the diffusion radius for which these sub-T-tubular cisterns act as the source of Ca 2+ for activation. If that were so, what might be the function of the low density sites beneath the external plasmalemmal envelope? One possibility is that they amplify the Ca 2+ -activated Ca 2+ release proposed by Fabiato (1975, 1977a) so that (in the sarcoplasm near the external cell surface) it occurs faster and more uniformly than would be possible by diffusion of Ca 2+ in a direction parallel to the long axis of a cell from cisterns beneath the mouth of the T-tubule. A second possibility is that terminal cisterns beneath the external plasmalemmal envelope serve to regulate the Ca 2+ concentration of the sarcoplasm near the plasmalemma for reasons not directly related to activation of the myofibrils. For example, they might play a role in the control of plasmalemmal potassium permeability, which appears to be dependent on the sarcoplasmic Ca 2+ concentration near the internal surface of the plasmalemma (Isenberg, 1975 (Isenberg, , 1977a (Isenberg, , 1977b Tsien, 1975, 1976; Siegelbaum et al., 1977) , in the control of transplasmalemmal Ca 2+ transport, or in other Ca 2+ -dependent plasmalemmal processes.
Interspecies Variation in Surface Density of Diadic Couplings
It is noteworthy that the surface densities of diadic couplings at the external plasmalemmal envelope, although much smaller than in the T-system for all three species examined, vary in the same interspecific direction as that for surface densities in the T-system: rabbit < rat = mouse (Table 1) . Thus, all parts of the plasmalemma share differences in junctional surface density characteristic for the species. It is clear that these differences cannot be related simply to the resting heart rate for the species. If that were so, the sequence should have been rabbit < rat < mouse (Table 1) . Not much is known about the characteristics of activation in the mouse ventricle. However, the rat and the rabbit ventricles are well known to manifest distinctive differences in the activation of contraction. These differences are clearly demonstrable both in skinned single cardiac cells (Fabiato and Fabiato, 1972 , 1973 , 1977 and in intact ventricular muscle (Forester and Main wood, 1974; Henderson et al., 1974; Bodem and Sonnenblick, 1975) . Thus, the rat ventricle, which we have shown to have a high density of plasmalemmal junctional couplings with terminal cisterns of SR and a high concentration of presumptive Ca 2+ storage depots per unit cell and myofibrillar volume, manifests the following physiological characteristics: In mechanically skinned preparations, the ionized Ca concentration required to induce release of Ca 2+ from the SR is smaller than that for the ventricular cells of the human, cat, dog, and rabbit (Fabiato and Fabiato, VOL. 45, No. 2, AUGUST 1979 1972 , 1973 . In intact rat ventricle, Ca 2+ -induced Ca 2+ release appears to be developed better than in other mammalian species Fabiato, 1977, 1978) . The evidence for this conclusion includes the observation that the rate of tension development is remarkably high (Henderson et al., 1974) . By comparison, the rabbit ventricle, which we have shown to have a low surface density of diadic couplings and a low cellular concentration of presumptive Ca 2+ storage depots, manifests physiological characteristics that contrast sharply with those of the rat: a much less developed Ca 2+ -induced Ca 2+ release process in skinned cells (Fabiato and Fabiato, 1972 , 1973 and exceptionally low rates of tension development and activation onset (Bodem and Sonnenblick, 1975) .
These observations suggest that a highly developed Ca 2+ -induced Ca 2+ release process and a rapid rate of tension development are correlated with a high surface density of diadic couplings at both external plasmalemmal envelope and T-system and with a high cellular concentration of presumptive Ca 2+ storage depots (terminal cisterns); and, conversely, they suggest that a less well-developed Ca 2+ -induced Ca 2+ release mechanism and a slow rate of tension development are correlated with a much smaller surface density of diadic couplings and a smaller cellular concentration of terminal cisterns. Such correlations are consistent with the implication of the diadic couplings located at the external plasmalemmal envelope in Ca 2+ -induced Ca 2+ release. On the other hand, they support the idea that Ca 2+ release from terminal cisterns that couple with the plasmalemma in the T-system is the predominant source of Ca 2+ involved in contractile activation of mammalian ventricular myocardial cells.
Relation of Surface Density and Concentration of Diadic Couplings to Intraventricular Pressure
The comparison of rabbit right and left ventricular free walls showed that large differences in intraventricular pressure, work of contraction, and afterload are associated with little or no difference in surface density or cellular concentration of diadic couplings with terminal cisterns (Tables 1 and 3) . Although the cellular concentration of myofibrils was significantly greater in the chamber with the higher pressure (2P < 0.005), the ratios (SESD + STTD)/Vmf were the same for both ventricular free walls. This result is persuasive because, in the same animal, heart rate, stroke volume, and effects of biological variation probably are identical for right and left ventricles. The total amount of Ca 2+ required for myofilament activation is, of course, greater for the left ventricle than for the right ventricle because of the greater mass and volume of left ventricular myocardial wall. Although the total content of diadic couplings is greater in the left ventricle than in the right, this difference is accounted for quantitatively by the greater myofiiament content of the left ventricle.
